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PRES S U RE MEAS U R EMENTS IN  WATER-MO DER AT0 R C RO S SOVER 

REGION OF TUNGSTEN WATER-MODERATED REACTOR (U) 

by C o l i n  Heath 

Lewis Research Center 

SUMMARY 

The tube sheet of the exit-crossover plenum for the water moderator in the tungsten 
water-moderated rocket reactor must be thermally protected from hot propellant gases 
in the rocket nozzle. Preliminary thermal analysis has indicated that the governing pro- 
cess in cooling this plenum is the heat transfer from the exit tube sheet to the water in 
the plenum. 

The water flow profiles inside the exit-crossover plenum were investigated. A set 
of characteristic curves was experimentally obtained for circumferential pressure pro- 
files around the propellant tubes that pass through the exit-crossover region. 

Two definite flow regimes that are characterized by the calculated value of the local 
Reynolds number were identified within this region. Various local effects due to geom- 
etry were determined. The effect of flow blockage in the concentric flow channel around 
propellant pressure tubes was measured. 

compared with previous semiempirical correlations for heat transfer in similar geom- 
etries. The data could also be used to design an  experimental heat-transfer apparatus 
with water flow conditions that would match those existing in the exit region of the full- 
scale tungsten water -moderated nuclear reactor. 

Sufficient data are presented so that the flow conditions in the exit region may be 

I NTRO D UCTlO N 

The tungsten water-moderated nuclear reactor (TWMR) concept has been studied at 
the Lewis Research Center as a possible space-propulsion engine (ref. 1). In this con- 
cept, hydrogen propellant is heated as it passes through the core of a heterogeneous nu- 
clear reactor,  and the heated gas is then expanded through a nozzle to provide propulsive 
thrust. 



The basic components of the core  of this system are schematically represented in  
The hydrogen propellant flow path is indicated in this figure by dashed lines figure 1. 

and unshaded arrows. The propellant ac t s  as a coolant for the nozzle and the moderating 
water before it passes through the core and is expanded through the nozzle. 

The water-moderator circuit, which is indicated by the solid lines and shaded ar- 
rows in figure 1, is illustrated in more detail in figures 2 and 3. Figure 2 is a sche- 
matic diagram of the test equipment that was used to study water flow profiles in  the 
TWMR design. 
flows into the inlet-crossover plenum. Figure 3 indicates the water path as it passes  
f rom the inlet-crossover region into the reactor-core region. 

In the core  region, the water flow is divided into two components by a flow divider. 
This flow divider is a concentric tube placed around the pressure tubes that contain the 
gas flow, Figure 3 illustrates the two components of flow parallel to  the pressure tubes. 
High-velocity flow passes adjacent to  the pressure  tubes, while low-velocity bulk flow 
leaves the core region through holes in the exit support plate. 

The problems of water flow distribution within the core region of the reactor have 
been experimentally studied by Fiero, Miller, and Ribble (ref. 2). Flow distribution 
was successfully tailored in  the full-scale reactor mockup, and no apparent problems 
remain in this region. 

Upon leaving the core region, the water moderator enters  a plenum through which 
propellant tubes intersect. This plenum ca r r i e s  the water to the outer r ing of the core 
for recirculation and is henceforth referred to  as the exit-crossover region. 
tube sheet of the exit-crossover region is exposed to hot nozzle gases and must be ther- 
mally protected. This exit-crossover region and the means for  its thermal protection 
are the main areas of interest  in this report. 

Thermal analysis of the bottom tube sheet indicates that its temperature is pr imar-  
ily dependent on the heat-transfer coefficient on the water side. This water-side coeffi- 
cient is closely related to  the flow conditions that exist in  the exit-crossover region. As 
indicated by Fiero  (ref. 2), the flow configuration in this region is quite complex. 

through the exit-crossover region. For pressure  tubes located away from the center of 
the core,  the flow distribution around the tubes has a three-dimensional aspect. High- 
velocity flow leaves the end of the flow divider tube, which extends 1/2 inch beyond the 
support plate, in a vertical direction and turns  to flow radially outward. A second com- 
ponent passes through the holes in the support plate in the form of a jet. The third flow 
component is the bulk radial flow in the crossover region that comes f rom tubes nearer  
the center of the reactor. 

Pressure profiles measured around the periphery of a tube normal to a f r e e  s t ream 
indicate different flow conditions around the tube (refs. 3 and 4). A similar  determina- 

The water enters  a circumferential manifold from the inlet pipe and then 

The bottom 

Figure 4 is an enlarged illustration of the region where the propellant tubes pass 

2 



tion of flow conditions in the exit-crossover region may be made by pressure  measure- 
ments. 

Determination of local pressure values in the exit-crossover region should provide 
sufficient information about water flow behavior to design a high-temperature experiment 
for determining local coefficients of heat transfer on the water side of the exit tube sheet. 
Such an experiment might consist of a single heated pressure  tube surrounded by a set of 
unheated adjacent tubes to re-create the water flow geometry. A heated plenum would be 
used to  simulate the hot gases. Different radial locations on the outlet tube sheet could 
be simulated by adjusting water flows to the apparatus and matching local pressure  read- 
ings with those obtained in the present tests. 

SYMBOLS 

D 

pe 
pa 

AP 

Re 

U 

8 

I.t 

P 

characterist ic geometric length used to calculate Reynolds number, in. (cm) 
2 local pressure  value at azimuthal location 8, lb/in. (N/cm ) 

2 pressure  in free s t ream upstream of cylinder, lb/in. (N/cm ) 

pressure difference from reference point, Ib/in. 2 
(N/cm ) 

Reynolds number, Dup/p 

local velocity, ft/sec (m/sec) 

free s t r eam velocity, ft/sec (m/sec) 

angle from stagnation point, deg 

viscosity, (N)(sec)/m 
3 mass  density, g/cm 
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FLOW AND PRESSURE PROFILES NEAR CIRCULAR TUBES 

The geometrical configuration of the TWMR exit-crossover region studied in the 
present tests represents  a combination of geometries that have previously been investi- 
gated. 

The most fundamental geometry represented is that of a single circular tube in  an 
infinite free s t ream.  If potential theory is applied, that is, if no friction is assumed, 
the expression for the local pressure coefficient around a circular tube (ref. 3) can be 
described as 
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= 1 - 4 s i n  2 e - p, 
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This pressure profile and the experimental curves are found in reference 4 and are 
reproduced in figure 5. At relatively low flows (Re < approx. 4x10 ), the experimental 
pressure profile is represented by the subcritical curve of figure 5. The flow is pre- 
vented from flowing smoothly around the cylinder (as in  the ideal frictionless curve) by 
friction at the tube wall. The flow separates from the cylinder, and a wake is formed 
behind the cylinder as illustrated in figure 6. In this wake region, the pressure  on the 
back of the tube remains fairly constant. 

For  higher Reynolds numbers, a crit ical  velocity is reached above which the sepa- 
ration point is forced farther around the tube as shown in figure 6. The pressure profile 
for  the supercritical flow situation is represented by the supercrit ical  curve of figure 5. 
This type of experimental pressure profile around a cylinder in a free s t ream is detailed 
in  reference 5. The pressure readings there  were taken at 3' intervals, and, thus, the 
characteristic shapes are readily observed. 

some heat-exchanger designs. A summary of studies to measure flow patterns photo- 
graphically and to determine overall friction factors for banks of tubes is presented in 
reference 6, which also summarizes heat-transfer-coefficient studies for tubes situated 
within banks. The variation of heat t ransfer  around tubes in a tube bank was measured 
for a Reynolds number which was lower by an order  of magnitude than those in the pres-  
ent tests. At that level, the similarity of the circumferential profile of heat-transfer 
rate to the pressure profiles shown in figure 5 is striking. 

The third geometry that might contribute to  flow patterns in the present configura- 
tion is that of a jet impinging on a flat plate. If the water emerging through the support 
plate inside the flow dividers (fig. 4) impinges upon the exit tube sheet, this condition is 
represented. An experimental study of heat t ransfer  between a jet of water and a plate 
held normal to the flow has been performed by Smirnov, Verevochkin, and Brdlick 
(ref. 7). Their data were taken for Reynolds numbers up to  31 000 and would require 
severe extrapolation to  the conditions that are of interest  here. 

The geometrical configuration that exists in  the TWMR exit-crossover region is far 
more complex than any one of the three geometries mentioned since it includes compo- 
nents of all three. First, the cylinders are arranged in a triangular a r r a y  with the bulk 
crossflow expanding radially. In addition, a flow component exists that starts out par- 
allel to the cylinder completely around its circumference and then turns  to join the bulk 
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A second geometry in the exit region is a bank of tubes in  crossflow as found in  
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crossflow. Closely parallel jets of fluid from feed holes in the support plate a lso influ- 
ence the local flow. 

EXPERIMENTAL TEST FACILITY 

Test Vessel 

After completion of the reactor water-moderator flow test (ref. 2), the experimental 
equipment was modified for investigation of flow in the exit-crossover region. The flow 
test equipment is shown schematically in figure 7. The test vessel was designed to s im- 
ulate the hydraulic characterist ics of the reactor moderator system. However, all other 
components of the test loop were designed for the test conditions and are not simulations 
of TWMR hardware. A detailed discussion of external loop characterist ics is presented 
by Fiero  (ref. 2). 

against excessive temperatures in the loop, a temperature-controlled valve, normally 
set at 100' F (38' C), permitted continuous discharge of small  amounts of hot water once 
the temperature reached the designated limit. Cold makeup water was simultaneously 
added by a level-controlled supply valve. 

A bypass filter was connected across  the pump in series with two regulating valves 
which set filter flow at approximately 7 percent of full flow. Most components of the test 
loop, with the exception of the test vessel, were constructed of low carbon steel; there- 
fore ,  an organic rust  inhibitor was added to the water to  prevent excessive corrosion. 
The system was thus kept relatively clean although a fine brown precipitate was observ- 
able in the water. There was no evidence of any instrumentation fouling during the tests 
f rom this precipitate. 

The test vessel  itself was constructed of carbon steel, but the internal components 
were stainless s tee l  and aluminum. The interior of the test vessel is shown schemati- 
cally in figure 2. The general flow path of the moderator in  the vessel starts at the 
single inlet pipe that feeds the circumferential inlet manifold. Six portholes distribute 
the water into the inlet-crossover region; from there, it flows up through the core and 
side reflector regions. The final orificing scheme given in  reference 2 was preserved in  
all the tests s o  that the mass  flow rate around each pressure tube was approximately 
equal to 3.75 pounds per  second (1.7 kg/sec) at the highest flow conditions tested. 

The water then passes into the exit-crossover region, the a rea  of interest  in this 
report .  The bulk flow in the exit-crossover region is radially outward to the simulated 
water-cryogenic heat exchanger, from which the fluid passes into the exit manifold and 
the outlet pipe. 

During testing, considerable energy was added t o  the water by pumping. To guard 
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The exit end of the tes t  vessel  after partial  assembly is shown in figure 8. The sup- 
port plate, the side reflector, and the annulus between the reflector and the pressure 
vessel  a r e  depicted. When the exit-end pressure head is attached, the simulated cryo- 
genic heat-exchanger tubes fit in this annulus. The six sets of five holes inside the 
circle of bolts a r e  outlets for side-reflector coolant. The large holes in the center are 
for placement of pressure tubes and their concentric flow dividers. The low-velocity 
water flowing through the core enters  the exit-crossover region through the small  holes 
in the support plate. 

The test vessel  with the pressure tubes in place is presented in figure 9. The con- 
centric flow dividers can be seen projecting above the support plate as shown in figure 4. 
Instrumented pressure tubes used in previous tests are also shown with three pressure 
lines protruding vertically. 

were made from the pressure sensing lines extending through the vessel head to  the 
Barton pressure transmitters behind the test vessel. 

The test vessel after final assembly is shown in figure 10. Flexible connections 

Instrumentation 

The basic data taken in these tests were the pressure differences between s ix  c i r -  
cumferential taps equally spaced around the pressure tube at a single axial location. 
instrumented pressure tube is shown in figure 11. Six pressure  lines can be seen ex- 
tending from the top of the tube. These lines end at 0,035-inch-diameter (0.089-cm- 
diam) taps at the axial center of the exit-crossover region as indicated in figure 4.  

Differential pressures  were measured by using one of the six taps on the tube as a 
reference pressure.  In several  runs, a single tap on one tube was used as a reference 
point for a second instrumented tube as well as for the points on the first tube. 

shown in figure 8 at the instrumented tube locations indicated in  figure 12. 

ferences to an automatic data recording system. A schematic of a differential pressure 
transmitter is shown in figure 13. The hand valves were installed to facilitate zero  
measurement checks. A zero measurement check was made by closing the valve on the 
low-pressure line and opening the crossover line to  equate the pressures  on either side of 
the transmitter. 

measurement lines. The lines were purged before each run, and in normal operation the 
bleed valves were closed. 

The 

A pressure tube instrumented in  this manner could be placed in the large holes 

Differential pressure transmitters were used to t ransfer  the measured pressure  dif- 

Bleed solenoid valves were installed in each line to eliminate trapped air in  the 
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The total flow rate to the test vessel was measured with a calibrated orifice plate in 
the inlet flow line. Pressure  drop across  this plate was also fed to a differential pres-  
sure  transmitter. 

tional to  the measured hydraulic pressure differential. These signals are converted to 
digital form by the digital automatic multiple pressure recorder (DAMPR) which is par t  
of the central automatic digital data encoder (CADDE) at Lewis (ref. 8). 

were converted to digital data by the automatic voltage digitizer (AVD), a lso par t  of the 
CADDE system, 

The data digitizers obtain a time interval proportional to the quantity being meas- 
ured and then count the pulses of a fixed-frequency oscillator during this time interval. 
The number of counts is then stored on a magnetic tape and later converted into useable 
output by an IBM 7094 computer program. 

The output signal from the pressure transmitters is an air signal that is propor- 

Thermocouple voltages from sensors  in the water tank and various pump components 

TEST RESULTS 

Pressu re  profiles in the exit-crossover region were measured for three different 
bulk flow velocities that corresponded to  approximately full flow conditions and 80 and 
60 percent of full flow. Since the flow was practically equalized for each pressure tube, 
these conditions amounted to 27.5, 22, and 16.5 gallons per  minute (0.104, 0.083, and 
0.063 m /min) inside the flow dividers of each pressure tube. 

The various test locations for the instrumented pressure tubes included several  dif-  
ferent geometrical configurations. The various geometries encountered during the test 
are shown in figure 14. The bulk c ross  flow was nominally from the vessel  centerline to  
the circumference. The direction of this flow for each test  location is indicated. 

During the flow distribution studies (ref. 2), it was found necessary to block off cer -  
tain of the flow-through holes in the outlet support plate. Both the sealed and the open 
holes in  the support plate are indicated in figure 14. 

the location of neighboring tubes is important in establishing a pressure profile around 
a tube. The position of adjacent tubes is also indicated in figure 14. 

Measurements in the central area of the test vessel  (tube 1) were for the most part  
inconclusive. If the flow distribution is perfectly symmetrical in the test vessel, no 
crossflow component should exist at the center tube. The only azimuthally varying con- 
dition for  the center tube is offered by six parallel jets from the holes in the support 
plate. Some variation around the center tube was observed, but the locations of maxi- 
mum differences appeared to  shift with time. The most sensitive differential pressure 
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In contrast to  the case in which a single tube lies perpendicular to  a free s t ream, 
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transmitters available on the test rig had a full-scale reading of 5 pounds per square 
inch (3.45 N/cm ). The scat ter  in the data measured for the center tube was often 

2 *O. 15 pound per square inch (0.135 N/cm ), whereas the maximum variation around the 
tube was 0.6 pound per square inch (0.41 N/cm?; therefore, little value can be placed 
on these measurements. It is not known whether this scatter is caused by a swirling\ 
condition at the center of the vessel  o r  whether the instrumentation was not sufficiently 
sensitive to record pressure variations at this location. 

For tube 4, there is still considerable scatter in the data points; however, there is 
a definite crossflow component here, and a definite profile is observable. Figure 15 
shows the measured profile for tube 4 with 3.8 pounds per second (1.72 kg/sec) of water 
passing down the inside of the flow divider of that tube. The angular location plotted 
runs counterclockwise from the stagnation point. The calculated maximum radial veloc- 
ity at the axial position of the pressure taps is 7.45 feet per  second (2.27 m/sec). The 
cross  bars on the symbols in  figure 15 represent the scat ter  in  the data for five consec- 
utive readings approximately 1 minute apart. The zero point on the curve was the ref- 
erence pressure for the measurements on this tube. Although a solid line has been 
drawn as a best fit to the average measured points, the scatter in  the data is such that a 
profile could be drawn with separation at approximately 90' and 210°, a supercrit ical  
profile as in curve C of figure 5. 

asymmetry around the 180' point. This leads t o  the conclusion that the flow is not yet 
completely uniform around the tube in this region. 

fairly well correlated with the characterist ic profiles of figure 5. Typical profiles have 
been shown in figures 16 to 19. The best-fit curves for the data points in many cases  
anticipate the characteristic profiles of figure 5. However, some tubes were rotated be- 
tween runs to provide as many as 12 different azimuthal readings. Such data for tube 21, 
for instance, outline the characterist ic profile in  reasonable detail. 

An attempt was made to correlate the amplitudes of these tube pressure  profiles with 
calculated local velocities. Table I presents the resul ts  of calculations of flow condi- 
tions around the various tube locations tested. The basis for each of these calculations 
was the total mass  flow per channel as measured by Fiero (ref. 2) in  the flow equaliza- 
tion tests. All water flowing down nearer  to the reactor centerline than a particular ring 
was included in  the radial flow around the tubes in  that ring. As shown in figure 12, 
some downflow holes in the support plate have been blocked. The local radial flow past a 
tube includes water f rom adjacent inboard holes that may be open. In addition, one-half 
the liquid flow inside the flow divider of a tube is included in  the calculation of maximum 
velocities past that tube. 

2 

All data taken for tube 4, including material  not plotted in figure 15, show a certain 

Data taken for tubes located farther from the center of the reactor  than tube 4 can be 

8 



Ring Tube 
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13 

17 
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21 

24 
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TABLE I. - FLOW CONDITIONS FOR TUBES TESTED 

Maximum Velocity head, Reynolds Characteristic pressure  
velocity, P U 2 D i  number difference around tube 

Velocity heads 

p 5 5 1 .0  velocity head 

2 u, lb/in. 
ft/sec lb/in. 

2 

2 

7.45 0.372 0 . 7 4 5 ~ 1 0 ~  0.7 1. aa 

7.99 0.43 0 . 7 9 9 ~ 1 0 ~  0.75 1.74 
10.66 .76  1.066 1. a 2.36 
13.32 1.19 1.332 2 .1  1. 76 

10.77 0. 78 1.077x105 1.5 1.92 
14.36 1.38 1.436 2.2 1.59 
17.95 2. 16 1.795 3.5 1.62 

14.59 1.43 1 . 4 5 9 ~ 1 0 ~  1.3 0 .91  
19.45 2.54 1.945 2.7 1.06 
24.31 3.96 2.431 2. a . 7 1  

la.  a6 2.39 i.aa6xio5 3.2 1.34 
25.15 4.24 2.515 5.7 1.34 
31.44 6.63 3.144 a. 3 1. 25 

17.71 2.10 1.771X1O5 2.6 1. 24 
23.61 3.74 2.361 4 .2  1. 12 
29.51 5. a4 2.951 5.7 .9a 

20. aa 2.92 2 . 0 a a ~ 1 0 ~  2.6 0. a9 

34.80 a. 12 3.480 11.2 1.38 

20. aa 2.92 2 . 0 8 8 ~ 1 0 ~  4 .5  1.54 

27.84 5.20 2.784 1 5 . 4  1. 04 

27. a4 5.20 2.784 7.0 1.35 
34. a0 a. 12 3.480 12.6 1. 55 

3 

- 
4 

- 
5 

- 
6 

6 

7 

- 
7 

- 
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Table I also lists the amplitudes of the measured pressure differences around tubes 
as a function of the calculated maximum velocity adjacent to  that tube. The separation of 
the maximum pressure and the flat region of the curve around the 180' point was taken 
as an indicator of the type of profile measured. In figure 5,  this pressure difference 
was about 2 velocity heads for Reynolds numbers below the cri t ical  point (curve B) and 
about 1 .3  velocity heads for those above the critical point. 

teau a r e  plotted in  velocity heads against calculated Reynolds number for those tubes 
that have six adjacent tubes. There seem to be two distinct flow regimes, s imilar  to  the 
critical and subcritical regions in figure 5,  with the transition occurring at a calculated 

5 Reynolds number of about 2x10 . Most values of the pressure difference fall around 
1.0 and 1.8 velocity heads in the two regimes. The data for tube 13, which are s imilar  
to those for tube 16, could be reasonably plotted as either cri t ical  or  subcritical profiles 
and probably occurred in a transition regime. 

The data from those tubes not completely surrounded by other tubes come closer to 
data for a single tube as might be expected. The pressure profile around tube 17 shown 
in figure 17(c) exhibits a much lower back pressure  because of the absence of an adjoin- 
ing tube at the 180' point. The flow still separates well around the tube as characterized 
by supercritical flow. No explanation is offered for the slight asymmetry around the 
180' point. 

Tubes 21  and 24 show similar low back pressure  although tube 24 has a marked 
asymmetry of the low pressure points. Figure 14 indicates that the lowest point in the 
profile of tube 24 corresponds to the corner location of the tube a r r ay  where there  is no 
adjacent tube. 

In figure 20, the measured pressure differences between the maximum and the pla- 

Flow Tests w i t h  Blocked Flow Dividers 

Some tes t s  were run with the flow inside the flow dividers blocked off to  test the ef- 
fect on the pressure profile of the downward flow directly next to the walls of the pres-  
sure tube. This blockage was achicved with O-rings that fit tightly in the flow-divider 
passages. During the previous tests run in this facility to test flow distributions within 
the core, pitot tubes had been mounted to measure flow inside the flow divider of the in- 
strumented pressure tubes. An O-ring was placed in two of these original instrumented 
tubes, and flow was measured with the pitot tube. NO velocity was indicated in the chan- 
nels that were blocked in this manner, which seemed to  confirm that the O-ring success- 
fully blocked flow inside the flow dividers. 

However, measurements taken with the concentric flow divider blocked were not 
completely successful. Data taken in the exit-crossover region indicate that blockage 
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was successful only part of the time. Figure 16 compares profiles measured around 
tube 6 with and without the concentric flow channel blocked. At low flow (fig. 16(a)), the 
blockage resulted in higher pressure differences around the tube; however, at higher 
flows (figs. 16(b) and (c)), the data are not separable. The low flow data indicate that 
when the concentric flow passes tangential to the pressure taps, the local pressure at the 
stagnation point due to radial flow is reduced. Figure 18 shows s imilar  data for tube 21. 
Here the blocking device held up throughout the test, and larger pressure differences 
were recorded between blocked and unblocked concentric flow. Data for tube 24 (fig. 19) 
with blocked flow seem to indicate failure of the blocking device because they appear no 
different from data taken with an unblocked tube. 

CONCLUDING REMARKS 

A bank of cylindrical tubes with both concentric flow and crossflow components ex- 
hibits pressure-profile characteristics similar to those of a single tube in a free stream. 
The magnitude of the pressure difference is reduced for a given crossflow rate, but the 
transition from subcritical to supercritical flow can be observed. The reduction in 
pressure differences has been experimentally shown to  be caused by both the reduction of 
the stagnation point pressure by the downflow and the increase of backside pressures  by 
the presence of neighboring tubes. 

Sufficient information has been obtained about flow configurations in the exit- 
crossover region of the TWMR so that a heat-transfer simulation r ig  could be built to 
measure heat-transfer coefficients. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, February 17, 1967, 
129-28-02-04-22. 
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Figure 3. - Schematic diagram of flow from inlet-crossover i n t o  reactor core. 
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Figure 4. - Enlarged view of exit-crossover region showing tube at outer  edge of core. 
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Figure 5. - Pressure profiles a round  c i r cu la r  tube. 
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Figure 6. - Flow around circular tube i n  free stream. 
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Figure 8. - Exit end of test vessel af ter  partial assembly. 
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Figure 9. - Test vessel with pressure tubes in place. 



Figure 10. - Test vessel after f i na l  assembly. 
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Figure 11. - instrumented pressure tube. 
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